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Focus: constraints on SMEFT from processes where neutrinos are detected

e Neutrinos and SMEFT
 Constraints from coherent neutrino scattering
e (Constraints from reactor neutrino oscillations

e Constraints on CP violation in nuclear beta decay



SMEFT has many higher-dimensional operators:

ZLsmerr = ZLp=2+ Lp=s+ Lp_s+ Lps+ Lp_7+ Lp=s

Neutrinos enter into a non-negligible fraction of these

Constraints from neutrino physics are essential to sharpen the phenomenological
constraints on SMEFT Wilson coefficients



SMEFT at dimension-5

Zsmerr = ZLp=2t+ ZLp=y ++ ZLpt+LpstLpsgt ...

Weinberg (1979)

Phys. Rev. Lett. 43, 1566 0
1 H — <V/\/§>
Zpes = (LH)C5(LH) +h.c. - — > VG wvg) +hic
J, K=e,u,z

Dimension 5 operators in SMEFT lead to neutrino masses. The corresponding Wilson
coefficients are probed (only) by neutrino oscillations experiments
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SMEFT at dimension-6

Zsmerr = Lp=2t Lp=st Lp=s HZLpst+ ZLp=7+ Lpsg + -

At dimension-6 all hell breaks loose
Pps = Cy(H'H) + Cy(H'H)(H'H) + Cpyp | H'D H|
+ChygH 6" HWX B+ CycH'H G G% + CpyyH'H WX WX + CpzsH'HB, B

U= pu UV uv uv''’ pu U= v
kimyx/k [ m abcya b e
++CyetmWE WL W+ Co fGEGE G,
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+Cye "Wy W, W + C [ G4,G).Gs,

+H H(LHC,,,E°) + H'H(QHC,,,U) + H'H(QHC ;;;D°)

+iH'D HLCDEL) + iH'o*D  HLCD&6* L) + iH' D H(ECyy, 0" E)
l p m; © ut'o" D, m© 0 l u HeO

R g ~ _ . < ~ _ R g _
+1HTDMH(QC;};0#Q) + lHTakDﬂH(QCI(fq)G”GkQ) +iH'D H(U Cy,0"U°)
+iH'D H(DCyyyo" D) + {iHTDﬂH( U‘Cyy,q0"'D°)

+(Q6*HC,y,6" UYWy, + (QHC, 35" U)B,,, + (QHC, ;Tc" UG},
+(Q6*HC 46" DYWys, + (QHC 56" D)B,,, + (QHC 45 T*6"* D) G,

+(Lo*HC 6" EYW,, + (LHC 6**E)B,, +h . c. } + Sy fermion

Grzadkowski et al

arXiv:1008.4884




SMEFT at dimension-6

Ly temion = (L#L)Cy(LG, L) + (E0,E°)C,(E‘0,E) + (L6"L)C,(E‘c, E°)
+(L&'L)C) (06,0) + (L"sL)C;2/(06,6"0)
+(E‘0,E)C, (U0, U°) + (E°0,E)C 4D 0,D")
+(L6"L)C,(U%6,U°) + (L6"L)C1y(D 6,D°) + (E°0,E)C, (05,0)

+ { (LE)Cpq(DQ) + ek’(ZkEC)ClS;u(Q’ U°) + eX(L* 6" E°) clfq)u(Ql&ﬂ”UC) +h.c. }
+(06+Q)C.(06,0) + (06"6*Q)C (05,6 0)

+(U%,U°)C,,(U’6,U°) + (D°6,D°)C,y(Dc,D°)

+(U Caﬂ U°) CLSZ)(D Caﬂl_)c) + (U CGM TeU°) szl) (D Caﬂ T¢D")

+(0°0,09C)(U%e,U°) + (Q°6,T*Q)VCH(U‘s, T*U)]

+(Q°,0°) c;g(Dca”DC) + (QCG”T“QC)Cq(z)(DCGMT"DC)

+ { e(QTIC]) (O'D) + Q' TTC]) (O'T'D) +h.c. }

+ { (DCUC)Cduq(Ql_,) + (QQ)quu(l_]"Ec) +(Q0)C,,(QL) + (DU")C,, (UE) +h.c. }

The highlighted operators can be probed by processes where neutrinos are produced,
detected, or exchanged.

Very often, constraints from non-neutrino processes leave important degeneracies in
the space of corresponding Wilson coefficients.



Neutrino master formula

AA, Gonzalez-Alonso, Tabrizi
[arXiv:1910.02971]

Obsertvable Oscillat Production Detection
rate scillation
. phase space phase space
P Geometric passes of phase . 5 ,
ar factor oo ce and Moy = MS— SXv] Mg = MuyT — TY]

target atoms



Part 8

Constraints from

coherent neutrino scattering



Coherent neutrino scattering

Coherent neutrino scattering occurs when neutrino D. Freedman,
. .. Phys. Rev. D 9 (1974) 1389-1392
scattering on a nucleus has low enough energy such that it

does not resolve its internal structure. Then ~ (A — Z)?
enhancement of the cross section occurs.

COHERENT, Science 357
Experimentally measured recently by the COHERENT [arXiv:1708.01294]

. : . . COHERENT, Phys. Rev. Lett. 126
collaboration with neutrino produced by stopped pion farXiv:2003.10630]

decays and with Argon and Csl targets. COHERENT, Phys. Rev. Lett. 129
[arXiv:2110.07730].

Time and nuclear recoil distributions are available. Neutrinos
from the pion decay and from the subsequent muon decay
can be disentangled thanks to timing. Neutrinos and anti-
neutrinos from muon decay can also be to some extent
disentangled thanks to different recoil distributions.
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Coherent neutrino scattering
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Coherent neutrino scattering

12 At

P — + 4+ -
Negligible in Mo = Mt — ety D] )
COHERENT D, = Ml — vy 1)

setup
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Coherent neutrino scattering

32aLm,m 2. f | ) | |

P — + +—
Negligible in Mo = Mp™ = e D] ) _ _
COHERENT ME, = M5~ D]
setup
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Coherent neutrino scattering

After integrating over phase space, one can rewrite the rate in the form

~ recoil kinetic ener d¢”ﬂ N,
d RPrompt . [ d(bvﬂ dGI/ﬂ ::If( nu::Ieus ¥V dE, — 47:22 5(E1/_Ev,n')
= NT dEy /
dT . dE, dT dp, Ny 192E} (1 E,
deelayed . d(I)y d5,/ d(I)I7 d&D dE, 472 mg 2 m,
— N dE e e + H H
dT "7\ dE, dT = dE, dT dbs, Ny 64E} (3 E,
dE, 4zxl?> m3; \ 4 m,

The effective cross sections are

Nuclear form factor

do o 2
’ (F(T)) (my+2E)T x,
g~ et D= 2E2 !

The effective weak charges encode full information about new physics corrections,
both in production and in detection

07 = 03 + ()

~ (Z - A)*




Coherent neutrino scattering

Results of our analysis for effective weak charges X o901 070361
)2 . 1.00 £ 0.82 1 029 —0.31
)z N 0.4+ 6.2 p=1029 1 —0.99 Oy ar ~ 461
2 ), oM 1.9+ 8.2 —0.31 —0.99 1
)2 . 1.33 +0.35 1 012 —0.09
)2 5 = -14+15 p=1|012 1 -0098 Oy cq & 5572
2 s SM,Csl 4.44+2.3 —0.09 —0.98 1
A more intuitive form
—0.14 —3.48 4.62\ [Q? , 6 = 59
—0.69 0.98 0.71 | m5—=1] 10+12
0.55 0.25 0.20 2 ), OMA 1.03 +£0.48
—0.04 —1.80 2.85\ (@Q? . 15.1 +9.1
0.80 0.12 0.09 | [ Q% —— = | 1.28 £0.28
—0.15 0.71 0.45) \ Q? SMCsL 1 0.81+0.19



Coherent neutrino scattering

Translation into SMEFT constraints V. Breso-Pla et al
[arXiv:2301.07036]
(1)

Lomerr OC (L) (@) + C) (o) (@ oFar)

+C(lvul) (@pyHur) + Cra(lpyuls) (dry*dR).
Ignoring quadratic corrections in Wilson coefficients one gets the constraints

(0.63 —0.70 —0.22 0.24 \ (e [ 20£57

0.21 —0.24 063 —0.70 | [ex | | —02+1.7
—0.68 —0.61 0.30 0.27 | [ | | —0.037 £0.042
\ 0.30 027 0.68 0.61 ) \ev) \-0.004+0.013
882 U 1 1 3
oo = 097" + 397" + ( - ?9) 597" = Slely) +cly + oot o= G2
482 7 1 1 3
Egc(ix — 5ggd T 59}Z2d o ( o %) 591; ¢ = 5[05((]) — Cl(q) + Cld]ozall

e Only 4 constraints and not 6 because one can show that, at linear order in new physics,
there are only two independent charges per nucleus, that is Qﬂ = Q;z

e Only two combination of SMEFT parameters are efficiently constrained, at the percent
level



Coherent neutrino scattering

Combination of COHERENT constraints with other
low- and high-energy electroweak precision tests

Assuming flavor symmetric (U(3)’) Wilson coefficients

0.10
SMEFT language
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EWPO w/o
-0.05 COHERENT
-0.10
-0.10 -0.05 0.00 C.05 0.10
Ciy

‘ V. Breso-Pla et al
[arXiv:2301.07036]



Coherent neutrino scattering

Combination of COHERENT constraints with other
low- and high-energy electroweak precision tests

Assuming flavor generic Wilson coefficients
the improvement is even more spectacular

03[ T ] 0.6[
0.2 0.4
0.1 0.2

[Clu]uu11
o
o
[Cia] 11
o
o

|
© ( ( (
|wN| T | E— T T T T T T T T T T T T
|
o
~

-0.1 -0.2
-03 .. -o6C. . . ..
[Ceq]ee11 [Ceq]ee‘H V. Breso-Pla et al

[arXiv:2301.07036]



Part 3

Constraints ﬁom
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Reactor neutrino oscillations

e = ; Tn 321L%m ym, klz_e = [dHP/” ] [HD/% M

Weighted sum over ME = MN > Ne D]

nuclei in reactor . !
M, = Mip — e n]

19



Reactor neutrino oscillations

The rate above IS already an observable in neutrlno experlments
and this is what is used In practical analyses,
but to compare to commonly used language we can define oscillation probability
dR
ap

dp af dE,

dE do,,
U / JE Uﬁ\

Neutrino flux Neutrino cross section
at the source at the target

20



Reactor neutrino oscillations

Leading order Ccarged current Lagrangian at low energy can be parametrized as

WEFT = —

A
v2

1+€L] e, Prvg - upy'd;

af

+

€R] e.y, Py - igy"dy
i af

|
+—e P,v,- it d
2aLﬂ

[€S — €P?’5] y
a

|

+_ [€T] éao-,uz/PLyﬂ ° I/_tRG'uydL
4 aﬁ

Matching to SMEFT

21

+h.c.
2 ; 3 3
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V2
lerlyp = v [Chiual 1195
g 1
esky = =y (VG * Gl )
2
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Reactor neutrino oscillations

2 AA, M. Gonzalez-Alonso, Z. Tabrizi
~ AmsL _ N [arXiv:1901.04553]
In the limit < 1, the survival probability takes the form
1%

) - ) - . -\ ]
| Am L N m m Approximately |
| . 31 . :
rlpzve—nve =1 —sin’ sin’ | 26,5 — ap——— — ap——r deopanding on |
| 4Ey Ey — A fT(El/) distribution of |

radioactive nuclei ||
' ) in reactor |
| Ams, L _ m |
31 .
| +sin sin(20,,) Po —— — fp—— + @(6)2() + @(Amzz1 w
 \ ) TN hE-A KBS T
8s 38487 _ 8T ~
— — Re [T ar, = —Re [T _
295) 3&% M| [ ] 3&% I [ ] P 94 [ ] 813 — 813 + Re[L]
8s 38487 8r .
_ _ = —ImIT — 10
Pp e TIm N e SIm (7], Pp . m [T] [(X] = e'dce <S23[€X]e,u + 023[€X]67>

Short baseline reactor neutrino oscillations sensitive to
5 distinct linear combinations of dimension-6 SMEFT operators

Effects of SM-like V-A interactions parametrized by ¢; are absorbed into mixing angle,
thus they are not observable in reactor oscillations alone!



Reactor neutrino oscillations

| ) Am3 L o A5 m, 1,
P, . =1-sin sin“ | 20,5\— ap — ap
e Ey | Ey — A fT(EI/) l
l A <;e ? p . ‘\ e Y300+ o0a {
sin sin — € ms
\ 25, 13 DEV—A PYE X 21

The real parts of scalar and tensor parameters
lead to “energy-dependent mixing angle”:

3
D= fS e [9] iAgT Re[T]
gi+1 3g5 + 1
g 3 .
Pp = 3g2i— ) Im [S] 3g§Af—Tl Im [T], [X] = e <S23[€X]e,u + 623[€X]er)
A A

The imaginary parts of scalar and tensor parameters
lead to qualitatively distinct oscillation pattern

A possible handle to constrain these effects,
as neutrino experiments quote results in energy bins



Reactor neutrino oscillations

Combined constraints using RENO and Daya Bay data

Re[T]

1 Combined
T T T T ‘ T T T T T T T
: Re[S] free
Ll lo,20,30
0.5 .
0Or _
-0.51 .
_1 | L L | I I I I | I I I I | I I L L
0.05 0.1 0.15 0.2
sin®20;,
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T T T T ‘ T T T T
| Re[T] free
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05 — Dashed: E,<5 MeV —
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-0.5+ -
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sin%26,
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1 Combined
————
| Im[S] free
lo,20, 30
0.5 -
2 i
g
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_17 N O R B
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0.4 -
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0 0.05 0.1 0.15 0.2
sin22§13

AA, M. Gonzalez-Alonso, Z. Tabrizi
[arXiv:1901.04553]
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—¢€ Up- U
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V2

Better constraints
on real than imaginary parts

Somewhat better constraint
on tensor than scalar

[ ] 2Vl
— | €
Taﬁ V2

— T
1 €,0,,P1vp - igo™dy

See also the analysis by Daya Bay

[arXiv:2401.02901]



(3

See also w1 |- w' owe ot ot st

AR L e e e e e L e e e L n e o
Lei50 ' 0% CILL.

[ re \ | ecay
cup -, -,
T P doey
ae e ' e x ooy
3°d 0BT TTRARST ‘ b s
w A e x ooy
EFT Faserv sensitivity study f .
P K decay

AA, M. Gonzalez-Alonso, J. Kopp, Y. Soreq, Z. Tabrizi
[arXiv:1901.04553] i

—
CCRENRUINE ) o 1oy
c?— "b LU RN

o 104848
v N3AALIA

(023009011
IR] 042420012 b 2, ey
d

L

A=vi & | TeV)

Discussion of neutrino detection in the quasi-elastic regime

- ?1) gj:g ........ Dipole, M,=0.961 GeV
J. Kopp, N. Rocco, Z. Tabrizi 10" vz e

EEEEE EREE SN

[arXiv::2401.07902] o - Nucleon

-----------
......

Cross Section Terms [1072® cm?]

-------

- - ———
—— —

0 4 68 10
Neutrino Energy [GeV]


https://arxiv.org/abs/2401.07902

Part 3

Constraints ﬁom
CP violation

in nuclear beta c[ecay



Observables in beta decay

Electron energy/momentum

E,=1\/p2+m

Neutrino energy
Ey =p1/% mN_mN/—Ee

N — Netv

(j,m=x1)

Information about the Wilson coefficients can be accessed by measuring (differential) decay width:

Control lifetime
and beta spectrum  Routinely measured correlations

/N

Main focus here

dI’ _ F(Ee){l-l-b— /pe py l <J> 'pe_I_B <J> "Dy
dE.dQ.dQ. E_EE  JE JE,
+Cpe Py — 3(pe J)(py J) J(J_I_ 1) - 3(<J> 1)2] D <J> ) (pe va) }
3EE, J2J - 1) JEE,

No-one talks about it



(0) A +-=0 — ¢, 0=c + ,c —==C
Jackson Treiman Wyld (1957) L= =) [CVeG vt+Cpeto v +Coet v+ ev]

+ Z wio*y,) [C+é6kv+ Cle‘o*v'+Cleo'6 v+ C;é&k(}ODV]
For same spin (J'=J) mixed allowed beta transmons
Im{ CHChH—C{Ct+ Cy,Cy - CS‘C’;}
D=-2r /
VI 1 1Gi P+ 1CE P +ICo P+ 1Cs P+ 2[ICEP + I CEP + 1 Cr P + [ Cr 1]

Ratio of GT and Fermi
matrix elements For D parameter to be non-zero:

extracted from

global fits ] ]
- Beta decay has to neither pure Fermi nor pure GT

' N — p / g A - At least two distinct Wilson coefficients have to be non-zero

- There has to be a relative phase difference between
these two parameters

So-called
mixing parameter



D parameter

eo v iuotd

Translation to the quark-level Wilson coefficients ., | _ 2Via (1+¢,)
below the electroweak scale: V2 8

S~ 1, . 14C~HJC
+epeo,v - ucold

1
__,C . 1,C MV
+€T4e o,V - u‘ctd

1 _
+6556"1/ - (ud+ id")

1 _
+€PEeCV - (ud — ud°)

4r J
D=8V | m|eg(l + ) + 55
gy+rgzVJ+1 28v8a

At the linear level in Wilson coefficients,
D parameter measures the imaginary part
of non-standard right-handed currents
involving the left-handed neutrino

At the quadratic level,
sensitivity to imaginary parts
of scalar and tensor current

and to interactions of

right-handed neutrino

— Eo—
P
2

~

(€s€7 + EG€7) — €€

+ ¢, €00 - iétd

u

+ épeo, 0 uc!d”
1

+ 08, wod

u

1 i}
+ Cyger - ' + ad')

1 _
éDC-(ucd—ﬁdc)} +h.c.

“Fundamental”
BSM model

EFT for .

SM particles “ﬁm {

100 GeV

Light Quarks

EFT for
Nucleons

NR EFT for
beta decay
1 MeV



2V
Translation to the quark-level Wilson coefficients: < D — V;‘d{ (1+¢,) esv-as'd + ¢ e‘o " - ic"d
+ep é&My-uCG/"JC + 5 ecaﬂﬂcucaﬂcfc
+€T%€c6ﬂyl/-ucdwd + é&écaﬂvac-ﬁaﬂ”&c
+€S%e"1/~(ucd+ﬁa?c) + ésééﬂc-(ucd+ﬁc7")
1 - 1 _ =
+€PEecy-(ucd—ud") — epaevc-(ucd—udc)} +h.c.
4rgy8a J
D ~ kpIm|ep(1 + €*) + 0.4(e€* + €c€*) — €p€TF] Ky =
“Fundamental”
BSM model
Parent J T KD Dexp ADfuture £
n 1/2 | 3 | 0.88 | —1.2(2.0) x 107 [12] - g‘%@
19N\ e 1/2 196 | —1.04 0.0001(6) _ B el
Mg | 3/2 | -0.44 | —1.30 - 3.8 x 107 [13]
¥Ca | 3/2 | 052 | 1.42 - <1074 [13]

EFT for
Nucleons

NR EFT for
beta decay
1 MeV



Tarlation o Wikon cosflnts e > (o HD,HAE)  +iC, HIDHE 0
+C,.) (16,,2)(q6" i) +C,) (16546,
+C) (1e)(qir) +C,, (7)(ade)
+C,y,(1€°)(d q) +C,,,, (D) (u’q)

+C, /(e Ca”z'/c)(ucaﬂcfc)
+hc

~/

D = kpIm|ep(1 + €) + 0.4(ege + EE%F) — Exe¥]

“Fundamental”

BSM model
2
2 ~ V ? TeV/
\Y — ———C,
€Eg = dud ‘L 2 Cper
2V, ;
V2 éR — _ M 4 EFT for
SM particles
2V, " leau T TudVledq I i .
\'%
= — (D —
v (CV* — v, C* ) Y [Clqu ud C”’“q] o
€p — ————— — ud ig uarks
P ud
2Vud lequ led V2 .
2 ~P - — C V d + Cl
e =~ " Vg L s
Vu lequ . 2 ~(3)
Er = PAY Cl o S

NR EFT for
beta decay
e



D parameter scenarios

D = kpIm|eg(l + €) + 0.4(ege + EE%) — ExeF]

{ Scenario #1 i Scenario #2{ |Scenario #3} | Scenario #4

Scenario | vYWEFT vSMEFT max |D|
[ €R HD,Hu‘o"d° [(I1HG, HI)(uotd)] 7
11 €ss €1 (lf_fuvéc)(q&“”’lzc) (le°) (que), (le°)(d°q) 9
N | e e () (G0, ), (7)), () ucq) | 8
I\Y €L, €r | H'D, H eCotv¢ [eatv°qH o, Hq|, (eCotv°)(ufo,d°)



D parameter scenario #1

D =~ kpIm 0.4(eg€7 + €4€7) — ERET]
2
A%
&2V, Coua ZEFT @f(uca% +iC,,, H'D,H' (‘" 7°)
€s =~ v (Cz(l)* +V, dcl*d ) +Clequ( 5;“1/@0)(@5#1%0) +Cl(1/3q)d(l_5ﬂypc)(qgﬂl/dc)
2Vud equ Ud-ledq _ _ _
e ) +C) (It +C.) (I)Gd")
ep= ————(C" —V,,Cr _ _
Py, tew Tedledq +C oy, (169)(d€q) +C,,, (D) (uq)
2 —_
er = — ?/Vd Cl(e?’q); +C,,, (e "D )u‘c,d)
' +hc

One can generate imaginary right-handed currents
from a dimension-6 or a dimension-8 operator



D parameter scenario #1a

T ()4'(656}X< T gSé;k,) - gRéik]

ZLgpr 21C,HD,H (uca% +iC,,, H'D H"(e‘c"°)
C

+C (16,2 (q6" i) +C (16" 5°)(36,,d°)

lequ lugd
+C) (12)(qir) +C,, (7)(ad°)
+C,,(1E°)(d q) +C,,, () (uq)
+C, d(eCG”DC)(ucaﬂJc)
+hc
v2
Dimension-6 is naively a better option, because then D ~ p

where v=246 GeV is the electroweak scale, and A is the mass scale of new BSM particles

Moreover, the Wilson coefficients C¢ud is generated by many motivated BSM models,
for example by the left-right symmetric models

However, there are strong model-independent constraints from EDMs...



D parameter scenario #1a

2
8 __ __ A4 =
o?1/81\/[]5:1::”[* D) _LW; I/O'”e + Vudud'”d + 7C¢uducdﬂdc

Integrating out the W boson
Z swerr 2 — Cpua@6,p)(i@6"d) = V,yCp,i(dé,u)(ucd’) + h .c.

Contributesto D Contributes to EDM

C¢ud contributes not only to the D parameter, but also to a 4-quark operator contributing
to nuclear EDM, with both contribution being governed by the same parameter

EDM constraints dominated by 199Hg using d, from Alioli et al arXiv:1703.04751

V2 ‘ Im[c ¢u d] ‘ S 3 X 10_6 if only neutron EDM contraints used
arXiv:2012.02799 v [ImCy,4| $ 1% 107
It follows that assuming absence of fine-tuning ID| <5%x107°

| xp | _
|D| ~ ; v2|Im[C,41| S 2% 1078

See Ramsey-Musolf & Vasquez [arXiv:2012.02799] for a more general discussion allowing fine-tuning EDM against QQCD



D parameter scenario #1b

~ N

+ 0.4(ege7 + €5€7) — ERET]

Zrepr D iCy, HD, H(u‘c"d ) +iC,,, H'D,H"(e“c")
®) (5 W act i G (1675 a5. d

+C lequ(l aﬂyec)(qaf”’ i) +C g d(l ot vc)(qaﬂyd")

+C,) (1e)(qir) +C,, (I7)(ade)

+Cledq(l_é_c¥dcq) +Clmq(l_DC)(ucq)

CyIHG,HD(uo"d) > +C,,, (e0" D) uo,d)

+hc

v4
Generating D parameter via a dimension-8 operator means that D is more suppressed: D ~ F

where v=246 GeV is the electroweak scale, and A is the mass scale of new BSM particles
This dimension-8 operator can be generated at tree level in certain leptoquark models
Ng Tulin
arXiv:1111.064¢
Constraints from EDMs are now model dependent...



D parameter scenario #1b

UR dr
As soon as 4-fermion vertex leading to non-zero ¢, appears,
A 4-quark operators leading to EDM is generated at 1 loop in EFT
although its coefficient is not calculable in EFT
Z werr 2 — C; LR(J5'MM)(MCG”CZC) +h.c.
A Cy\?
~ v2AmC, < 3% 1074
dp ur, 4
4
D v ImCqg 4 v
n/ —

In the scenario 1b the D parameter can be large only when new physics is at the EW scale,
which is difficult to achieve in realistic models.

As soon as new physics is at 3 TeV, we are back to the severe constraint |D| < 107°

Mind that these are just rough estimates, a quantitative limit can be obtained
only in concrete UV models where the quadratic divergence is resolved



D parameter scenario 1c

~ N

+ 0.4(ege7 + €5€7) — ERET]

LrrT %ﬂucaﬂdb +iC,,, H'D H"(e‘c"D°)

3) (7= 3C\(7=HViC (3) (T=ur=c\(== Jc
+Clequ(laﬂye )(got* i) +Cll/c] d(la” U )(qaﬂyd )
() e v i
2Vud lequ Ua ™= ledq ) )
Iv2 + Cledq(l éc) (dcq) + Cll/uq(l Z C)(MCQ)
r =5~ e HYu o d) ™S +C.,, (¢ 5) o, &
Via ™ 8( u )(l/t 9 ) + euud(e o'V )(I/t 0-/4 )
+hc

One more possible option is that operators contributing to ¢, are real (CP conserving),
and the imaginary part is contained in ¢; .
Note that the real part ¢, can be at percent level, as constraints are relatively weak

[arXiv:2010.13797] with Martin Gonzalez-Alonso, Oscar Naviliat-Cuncic



D parameter scenario 1c

D ~ KD Im T 04(656}I< T gSé;k,) - éRéik]

One more possible option is that operators contributing to ¢, are real (CP conserving),
and the imaginary part is contained in ¢; .

This is not a very attractive scenario for BSM,

because dimension-6 operators lead to areal ¢, ,

V6

thus D would be at least of order F

However, ¢; effectively acquires a complex part due to SM loop effect,

because of a photon going on-shell in the loop

Thus, in the scenario 1c the D parameter may be a sensitive probe of

V2

A2’
as long as the SM contribution can be reliably calculated

CP conserving new physics contribution to ¢, ~



D parameter scenario #2

~ k) =~ Ak & ok
D =~ kpIm [GR(l +€7) + €5€7) — €g€T ]
2 -
€p = szud ud Prpr D iCddel_)ﬂH(uCa”dc) +ic¢eyH_TDﬂH”f (eca/"ﬂ_")
\% lequ(lgﬂ’/éc)(zl&u T Cl(ugq)d( lgﬂyﬂc)(qglﬂ/dc)

+C D (1) (gir®) +C'Y (I0°)(gd°)

lequ lvgd
+Cledq(l_éc)(dcq) +Clmq(l_170)(ucq)
+C,,, d(eCG”DC)(ucaﬂa?C)

+hc

This scenario is doomed from the start, because EDM constraints on the imaginary
1,3 = - -
parts of Cl(ew), Cledq are prohibitive

v ImC | $3x107 v [ImCY | S1x107"  v*[ImCyy, | S 3% 107!
equ lequ eaq

de Vries et al arXiv:1809.09114
Dekens et al arXiv: 1810.05675



D parameter scenario #3

D = kpIm|ep(l + €) + 0.4(ege - — EgE
é = —V;C(,sey ZLepr D iCy,HD,Huc"d") +iC,,, H'D,H'(e‘c"7")
+Cp) (16,26 ic) CL) (16736,
+C,,) (1e)(qi) +C,, (P)(Gd")
+C,y,(1€°)(d g) +C,,,, (D) (u’q)
+C,,,(ec"'D c)(uc%dc)
+hc

This scenario does not have the EDM problem,
because the neutral curent from the scalar and tensor operators with RH neutrinos

do not generate eeqgq terms. Moreover, constraints on ¢ - from beta decay

are less stringent, at the percent level, because of the lack of interference with SM
amplitudes

However it has the pion decay problem ...



D parameter scenario #3

~ Y K Rt S
D =~ kpIm [GR(I + € ) O.4(€S€T ERET
V2 _
L= =7 ZLgpr D 1€y, HD,H(u c"d") +iC,,, H'D H (e c"0°)
+C) (16,86 i) T (16"0(36,,d)

+C) (1e)(qir) +C,, (P)(Gd")
+C,,(1E°)(d q) +C,,,, (D) uq)

+C,,, d(eCG”DC)(ucaﬂa?C)
+hc

The problem here is that this scenario generically predicts ¢; ~ €p
and from measure Br(x — ev) one has |€p| S 107>

ET gS
10-1 ) \ 103

D ~ 10~%,Im = |D| < 107°




D parameter scenario #3

~ %Y 1 % _ ok
D =~ kpIm [GR(I + GL) O.4(€S€T ERET
g, = —V?cw Prrr D iCy HD, H(u o d°) +iC,,,H'D,H'(e‘c"1")

+C) (16,86 i) T (16"0(36,,d)
(1) (73¢\¢( =mC (1) (17¢\( = ¢
+C{) (Te°)(qit) +C) (@)

+ Cledq(l_éc)(dcq) +C,, q(l_Dc)(ucq)

+C,,, d(eCG”DC)(ucaﬂa?C)

+hc

Additional constraint is provided by the fact that the gauge invariant operators,
contribute to the neutrino masses and neutrino magnetic moment,

which requires fine-tuning unless v*| Chgdivug| S 107



D parameter scenario #4

D =~ kpIm [GR(l +¢7) + 0.4(ege7 + 555?).

Frer 2 iCy HD Hue*d)  4iC,, H'D,H' (ecm

+C) (16,86 i) +C,) (16"5°)(35,,d°)
> +C) (T2°)(gi°) +CV) (1°)(gd")
és= o [Cl(qu) Vd = Clyuq] o o h A
udz +Coy(1E°)(dq) +C,,, (0)(uq)
€p = — 2\‘,/ud [Cl(qu)dvud + Clvuq] @d(eco-ﬂp C)(uco.'ud_C) >
&, = 2v2C +hc —

lvgd
From the EFgI' point of view, scenario 4 looks promising, because model-independent

constraints on the highlighted operators are relatively mild.
In particular, from Br(W — ev) one gets v | C¢ey| < 0.3

.1 S 0(0.01)

At loop level, there is a quadratic in C,,, ; contribution to the 4-quark EDM operator,
but in this case we gain the loop and quadratic suppressions

while pp — ev at the LHC leads to v?| C,

vu



D parameter scenario #4

D =~ kpIm [eR(l +¢7) + 0.4(ege7 + 555?).

Zpr D iCy, HD,Huc"d") +iC,,, H'D H"(e‘c")
+ Cl(jq)u(l_éwé")(c']&””ﬁc) + Cl(j; (16" 5°)(g6,,d°)
+Cl(€1q)u(l_é")(c‘]ﬁc) +clgq>d(z'56‘)(chC)
+Clogy(18)(d Q) +C (P q)

C.lea' i) o, d°)

Cy(e‘ctv)(gH 0,H"q)

+hc

Much as in scenario 1, one can trade one dimension-6 operators for a dimension-8 one
leading to the same interaction below the electroweak scale.

The advantage is that the latter can be generated in lepoquark models,

V6

the disadvantage is that D ~ F so new physics has to be very light



D parameter scenarios

Scenario | YWEFT vSMEFT max |D|
I €R HD,Hu‘o"d® [(1HG, HI)(u‘o"d®)] O(1079)
11 €s, €T (lowee) (ot uc), (le°)(guc), (le®)(d°q) O(1071)
11 és, €r (1617 7°) (G0 d°), (17°)(qd°), (17°)(ucq) O(107°)
IV €L, €R HTD HieCotv® |eCoti” qHTU Hfq|, (o) (uf O"UCZC) O(10™%)
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